The techniques of somatic cell genetics have been used to establish the linkage relationships of loci coding for two forms (A and B) of hexosaminidase (EC 3.2.1.30; 2-acetamido-2-deoxy-B-D-glucoside acetamidodeoxyglucohydrolase) and to determine whether a structural relationship exists between these forms. In a series of human-mouse hybrid cell lines, hexosaminidase A and B segregated independently. Our results and those reported by other investigators are used to analyze the proposed structural models for hexosaminidase. We have also been able to establish a syntenic relationship between the gene locus responsible for the expression of hexosaminidase A and those responsible for mannosephosphate isomerase and pyruvate kinase-3 and to assign the gene for hexosaminidase B to chromosome 5 in man. Tbere is thus a linkage between specific human autosomes and enzymes implicated in the production of lipid storage diseases.
The lipid storage diseases are a family of inherited disorders characterized by the excessive accumulation of sphingolipids in the body's tissues. In each, the metabolic derangement appears to be the result of a deficiency of a specific lysosomal hydrolase which is involved in the catabolism of these complex lipids (1) . One of these enzymes, P-N-acetylglucosaminidase (Hex; EC 3.2.1.30) is thought to be responsible for at least two lipodystrophies, Tay-Sachs' disease (TSD; GM2 gangliosidosis, type I) and Sandhoff's disease (SD; GM2 gangliosidosis, type II). When examined electrophoretically, this enzyme is found to exist in multiple forms, two of which (Hex A and B) have been well characterized biochemically (2) . A third form of the enzyme (Hex C), about which relatively little is known, has recently been described (3) . TSD is associated with a deficiency of Hex A and an increased activity of Hex B, and SD is associated with a deficiency of both Hex A and B (4, 5) . No individual has yet been reported in whom Hex A is present in the absence of Hex B.
Biochemical, genetic, and immunological evidence suggests that a structural relationship exists between Hex A and B. Two theories concerning this relationship have recently been advanced (2, 6) . The first proposes that Hex A is a conversion product of Hex B (2) . TSD would then result from the deficiency of a functional conversion enzyme, and SD would reAbbreviations: Hex, hexosaminidase; TSD, Tay-Sachs' disease; SD, Sandhoff t To whom reprint requests should be addressed.
sult from a defect in the gene coding for the basic Hex protein.
The second theory proposes that Hex A and B are each composed of multiple subunits, one of which is common to both forms (6) . In this hypothesis, TSD would result from the deficiency of the Hex A-specific subunit and SD from the deficiency of the common subunit. It is also possible that the two forms of Hex are not structurally related. Hex A and B may be controlled by two independent genes. TSD would then result from an effective deficiency of the normal Hex A structural gene product and SD might result from a mutation in a locus controlling expression of both enzymes or required for their activation. A series of human-mouse hybrid cell lines were examined for the expression of Hex activity to determine whether a structural relationship does in fact exist between Hex A and B. Such interspecific hybrid cell lines, which preferentially segregate the chromosomes of one parent in the cross (in this instance, the human), have already proved useful in the assignment of genes for specific enzymes to individual chromosomes in man. However, their potential value as a tool for the study of enzyme structure has not yet been fully appreciated. We have found that, in this series of hybrid cells, human Hex A and B are expressed independently.
The hybrid cells were also used to establish the linkage relationships of genes coding for Hex A and B. The human chromosome complements and patterns of expression of a series of isozymes with known chromosome assignments were compared with the retention of Hex A and B activity in these clones. On the basis of these studies we were able to assign the locus involved in the expression of Hex B to human chromosome 5 and to establish a syntenic relationship between genes coding for Hex A, mannosephosphate isomerase, and pyruvate kinase-3.
MATERIALS AND METHODS
Hexosaminidase Assay. The assay for hexosaminidase activity is a modification of the published procedures of Okada and O'Brien, and van Someren and van Henegouwen (4, 8) . The cell homogenates were prepared as described (9 3 , and 6) it was faint and thus was reproduced poorly in the photograph. Some variation in the intensity of the Hex C in each cell line has been noted between gels. The slight difference in mobility of Hex C in slots 4 and 5 possibly reflects differences in the age of each sample.
to ammonia vapor before it was made visible under ultraviolet light.
Other Enzymes. Twenty enzymes with established mouse and human electrophoretic differences and known human chromosome assignments (Table 1) were also assayed by methods detailed by Nichols and Ruddle (9) .
Production of Hybrids. Series A: A number of primary hybrid clones were established, using techniques outlined, after the fusion of a mouse cell line (A9) lacking the enzyme hypoxanthine-guanine phosphoribosyltransferase (HGPRT) with two diploid human fibroblast lines (GM 17 Two series of human-mouse hybrid clones were established as described in the text and analyzed for expression of Hex activity.
given in Table 2 . The results indicate that human Hex A and B segregate independently. The hybrid clones in series A were also analyzed for twenty other enzymes whose human chromosome assignments have already been established (see Table 1 ). The only concordance noted between the multiple forms of Hex and the other enzymes was between Hex A and the human forms of mannosephosphate isomerase (EC 5.3.1.8) and pyruvate kinase-3 (EC 2.7.1.40) ( Table 3 ). There was no positive correlation evident between the expression of Hex B activity and the other enzymes studied. Chromosome analysis of hybrid clones in series B revealed that Hex B activity was correlated with the presence of chromosome 5 (Table 4) .
In order to further test the independent expression of Hex A and B and to confirm our assignment of the gene for Hex B to chromosome 5, we treated three cell lines, AIM-15a, JFA14a-13, and JFA-16a-8, with various concentrations of diphtheria toxin. Mouse cells are resistant to the toxin whereas human cells are sensitive. Hybrid cells that retain human chromosome 5 are as sensitive as human cells, whereas other human chromosomes leave them toxin-resistant (R. P. Creagan, S. Chen, and F. H. Ruddle, manuscript in preparation). The results of toxin treatment, in terms of their Hex expression, are presented in Table 5 . These results confirm our assignment of Hex B to chromosome 5 and the independence of Hex A and B expression.
DISCUSSION
The lysosomal enzyme, Hex, implicated in the production of the GM2 gangliosidoses, is found to exist in at least two electrophoretic forms, A and B, between which a structural relationship has been presumed to exist. We have used the techniques of somatic cell genetics to gain insight into this relationship and to establish the chromosomal assignments of genes involved in the expression of this enzyme. Human-mouse hybrid clones (series B) whose human karyotypes are known were analyzed for Hex activity. Synteny was evident between Hex B and chromosome 5. In clones positive for Hex B, chromosome 5 was found in 30-90% of the metaphases examined. In clones negative for Hex B, this specific chromosome was absent in all of the metaphases examined.
In a series of human-mouse somatic cell hybrid clones, Hex A was found to segregate concordantly with the human forms of mannosephosphate isomerase and pyruvate kinase-3. This synteny has been independently confirmed by another group of investigators (13, 16) . The gene for mannosephosphate isomerase has been assigned to chromosome 7(11). Van Heyningen et al. (17) in a recent study assigned the genes for mannosephosphate isomerase and pyruvate kinase-3 to chromosome 15. Ruddle and McMorris (18), on the basis of an extensive study, retracted their original assignment of mannosephosphate isomerase to chromosome 7. It is therefore presumed that a genetic locus, most probably the structural locus, for Hex A can be assigned to chromosome 15 in man. Hex B was found to segregate independently of Hex A. On the basis of an analysis of a series of hybrid clones with defined human chromosome complements, we were able to assign a locus, again probably the structural locus, for Hex B to chromosome 5. The independent segregation of Hex A and B and the assignment of Hex B to chromosome 5 have been confirmed by our studies on the effects of diphtheria toxin treatment of three hybrid cell lines.
Hypotheses have been advanced that seek to explain mechanisms governing the expression of Hex A and B in man. These hypotheses are divisible into two major categories: (A) models based on structural interrelationships between Hex A and B, and (B) a model that proposes complete structural independence of the Hex A and Hex B gene products. The two major theories under consideration in category A are: (1) the enzyme conversion model and (2) the common subunit model. The first would require there be at least two loci involved in Hex expression, one coding for the basic structural protein, presumed to be Hex B, and a second coding for the enzyme responsible for the conversion of this protein to Hex A. The second hypothesis, advanced by Beutler and illustrated in Fig. 2 , would require two or three loci, each coding for a distinct subunit type (6) . In the two-subunit model, each Hex A dimer would be formed from two subunit types, one of which is common to both forms and one of which is Hex A-specific.
Each Hex B dimer would consist exclusively of the common subunits. The three-subunit model would require three loci, one coding for the subunit common to both forms and two others coding for the Hex A-and Hex B-specific subunits. The Hex A and B dimers would each be composed of one common and one specific subunit. It has recently been proposed that Hex C may be the Hex A-specific subunit (14) . In a study of 60 human-mouse hybrid clones analyzed for Hex activity and for a number of other enzymes, Lalley et al. reported no clones in which Hex A was expressed in the absence of Hex B (13, 16) . They concluded that the expression of Hex B is a necessary prerequisite for the expression of Hex A. If this were so, and one assumed random segregation of human chromosomes in the hybrid clones, it would be expected that a significant number of clones that retained mannosephosphate isomerase and pyruvate kinase-3 activity would not express Hex A since they have lost the chromosome responsible for Hex B (chromosome 5). They found, however, only one of 35 clones in which mannosephosphate isomerase was present and Hex A was absent. Thus, their data, while consistent with a model requiring the presence of Hex B for expression of Hex A, do not provide conclusive proof for such a scheme.
In our series of hybrid clones we found all four possible combinations of Hex A and B-those with both, those with neither, and those with Hex A or B alone. The studies by van Someren and van Henegouwen (8) of 105 Chinese hamsterhuman hybrids also show that the two enzymic forms segregate independently. The finding that human Hex A activity can exist in the absence of demonstrable Hex B in these studies makes it doubtful that the former is a conversion product of the latter.
If it were possible, in the hybrid situation, for a hypothetical mouse conversion enzyme to substitute for the corresponding human form and change Hex B to Hex A, one would expect to find hybrid clones that have chromosome 5 Our data strongly support the hypothesis that there is no structural relationship between the two human specific enzymes. The independent segregation of the two enzymic forms in hybrid cell lines reported here and by van Someren and van Henegouwen (8) are consistent with this model. On this basis, TSD can be explained by a mutation at a locus responsible for Hex A expression (possibly on chromosome 15) and SD to be the result of either two mutations involving Hex A and B structural proteins (involving chromosome 5 in addition to chromosome 15), or more likely a single mutation at a locus that regulates the expression of these genes, or is necessary for the proper packaging of the enzymes within the lysosome, or is required for enzyme activation.
We have thus been able to assign the locus involved in the expression of Hex B to chromosome 5 and establish syntenic relationship between the genes for Hex A, mannosephosphate isomerase, and pyruvate kinase-3.
